This study explored the effects of reactive nitrogen metabolites (RNMS) on natural-killer-(NK-) cell-mediated killing of K562 cells and the influence of RNM scavengers, such as tiopronin (TIP), glutamylcysteinylglycine (GSH), and histamine dihydrochloride (DHT), on reversing the suppressing effect of RNM. We administered exogenous and endogenous RNM in the NK + K562 culture system and then added RNM scavengers. The concentrations of RNM, TNF-β and IFN-γ, and NK-cell cytotoxicity (NCC) and the percentage of living NK cells were then examined. We found that both exogenous and endogenous RNM caused the KIR to decrease (P < 0.01); however, RNM scavengers such as TIP and GSH rescued this phenomenon dose dependently. In conclusion, our data suggests that RNM scavengers such as TIP and GSH enhance the antineoplasmic activity of NK cells.
Introduction
There is a great number of monocytes/macrophages (MO) and NK cells within and outside malignant tumors. Compared with other sections of body, the function of NK cells in a tumor and its ambient tissue is remarkably decreased [1] . Current antitumor immunotherapies mainly use adoptive immunotherapy (AIT), which involves cells such as cytotoxic T lymphocytes (CTLS), lymphokine-activated killer cells (LAK cells), tumor-infiltrating lymphocytes (TILS), multicytokine-induced killer cells (CIK cells), donor lymphocyte infusions (DLIS), antineoplastic lymphocyte clones, and haplotype lymphocyte infusions. T cells and NK cells are the major effective cells, whereas interleukin-2 (IL-2) is the main activator of T/NK cells. However, most studies using IL-2 alone to treat leukemia in vivo have shown low efficacy, with only a few patients achieving remission. The main reason for this result is that certain monocytes/macrophages (MO) that can inhibit the antitumor activity of lymphocytes were quantitatively shown to exist in and around the tumor tissue. MO participate in tumor-induced immune suppression by secreting cytokines, particularly reactive oxygen metabolites (ROMS) and reactive nitrogen metabolites (RNMS) [2] . Studies have confirmed that the ROM yielded by MO inhibit the antitumor activity of lymphocytes when respiratory bursts occur. DHT, TIP, and GSH can reverse the inhibition of the antitumor activity of NK cells by ROM [3, 4] . In our previous studies, we also demonstrated that TIP and GSH were superior to DHT in reversing the suppression of the antitumor activity of T/NK cells by ROM [5] . When respiratory bursts occur, MO yield not only ROM but also RNM, which include nitrogen monoxide (NO), NO 2 , NO 2 − , NO 3 − , and peroxynitrite (ONOO − ). The function of RNM is similar to that of ROM; however, RNM also have nitrogenation activity. Peroxynitrite (ONOO − ), once acidified, immediately converts to peroxy-nitrous acid in the excited state, which has a stronger oxidizing activity and simultaneously yields both nitrogen dioxide (NO 2 ) and OH analogs. These substances are more toxic than ROM [6] . Kono et al. [7] speculated that, in cancer-bearing animals, reactive nitrogen species induce the downregulation of CD3 + , which is an important signal transduction molecule in T/NK cells. Thus, the antitumor immunosuppression caused by RNM should not be neglected. The immunotolerance to tumors induced by RNM may be similar to or stronger than that of ROM. In our previous studies, we had demonstrated that ROM produced by MO result in tumor immunosuppression [8] . However, studies examining 
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2.1.
Materials. The K562 cell line was provided by the Union Hospital of Fujian Province. Fresh, enriching leukocytes from healthy patients were obtained from the Quanzhou City Blood Center. The reagents and their manufacturers were as follows: NK Cell Negative Isolation Kit, Dynal; MTT, Trypan Blue, Propidium Iodide, Sigma; CFSE, Dojindo (Japan) interleukin-2, Double Heron (Beijing); phytohemagglutinin, Yihua (Shanghai); histamine dihydrochloride, Sigma; tiopronin, Henan Xinyi Medicine Industry, Ltd.; hydroxy radical detection kit and nitrogen monoxide detection kit, Jiancheng (Nanjing); human IFN-γ ELISA Kit, Xinbosheng (Guangzhou); TNF-β ELISA Kit, Boster (Wuhan). [9] . After PBMc were isolated using density gradient centrifugation, they were incubated with the immunomagnetic bead of the NK Cell Negative Isolation Kit at a low temperature. Then, the NK cells were isolated by the magnetic sorption method. Flow cytometry (FCM) was applied to detect the cells marked with CD3−FITC/CD56+16−PE. There were 85% of CD−/CD56+/CD16+ cells, and more than 95% of cells were shown to be alive via the trypan blue exclusion assay.
Isolation of Mononuclear Cells Rich in NK Cells (E)
Isolation of Mononuclear Cells Rich in Monocytes (MO).
After isolating by the density gradient, the PBMc were cultured adherently to isolate the monocytes. Then, they were identified by a nonspecific carboxylesterase staining method. The MO constituted of 76.3% of the total cells, and more than 95% of cells were shown to be alive via the trypan blue exclusion assay.
Viable NK-Cell Counting (CFSE-PI Double Staining Method)
. CFSE labeling: a 1 μm solution that contained 5 mM CFSE was diluted with 1 mL PBS containing 10% FCS, followed by incubation with 1 mL of the cells at 37
• C for 5-10 minutes. PI staining: the cells were stained with PI for 10 minutes at a concentration of 2.5 μg/mL. Stained cells were analyzed using COULTER flow cytometry. The fluorescence intensity of CFSE and PI was detected by the FL1 and 2.5. ROM Assay. ROM production was assayed by spectral luminosity chromatometry following the instructions on the hydroxy radical detection kit (Jiancheng, Nanjing).
RNM Assay (Nitrate Reductase Method)
. RNM production was assayed indirectly using chromatometry following the instructions of the nitric oxide detection kit (Jiancheng, Nanjing).
NK-Cell Cytotoxicity (NCC).
NCC was assayed by the MTT method.
TNF-β and IFN-γ Assay.
The IFN-γ and TNF-β levels were assayed to indirectly reflect the activity of NK cells by double antibody sandwich enzyme-labeled immunosorbent assay, according to the manufacturers' instructions. The concentration gradients of the standard preparations and their corresponding optical density results were imported into the program SPSS 13.0 to generate standard calibration equations for conversion of OD values to concentrations. These calibration equations were used to determine the concentrations of IFN-γ and TNF-β.
The Effect of ONOO
− on the Activity of NK Cells. NK cells (E) and K562 cells (T) were cultured in 96-well plates at a ratio (E : T) of 10 : 1. The cells were cocultured at 37
• C in an atmosphere of 5% carbon dioxide (CO 2 ) and saturated humidity. RNM production was measured 6 hours later, and the TNF-β and IFN-γ levels were determined 24 hours later. In addition, the number of viable NK cells was measured by FCM 6 and 24 hours later. The equation for NCC was [10] . All measurements were carried out in triplicate. NK cells, K562 cells, and NK cells + K562 cells were used as blank groups, and DMEM containing 10% FBS was used as the holo-blank sample. The production of RNM and the extent of the inhibition of NK on K562 cells were measured at the indicated time points, and the data were analyzed to evaluate the relationship between RNM levels and the activity of NK cells.
The Effect of Endogenous RNM on the Activity of NK
Cell. IL-2 (150 U/mL) and PHA (60 g/mL) were administered to cocultures of NK cells and MO at a ratio (E : MO) of 10 : 2. After 24 hours of coculture, K562 cells were added at an E : T ratio of 10 : 1. RNM production was measured 6 hours later, while TNF-β and IFN-γ levels and KIR were measured 24 hours later. Each group was tested three times. Blank groups containing IL-2/PHA were the same as those described in paragraph 2.3.
The Effect of Different Dosages of RNM Scavengers on the Activity of NK Cells.
In the NK + MO (E : MO = 10 : 2) mixed-cell culture system, IL-2 (150 U/mL) and PHA (60 ug/mL) were first administered. After 24 hours of coculture, K562 cells were added at a ratio of E : T = 10 : 1. At the same time, different concentrations of DHT (10 umol/L, 20 umol/L, 50 umol/L) and TIP (125 mol/L, 50 mol/L, 100 mol/L, 250 mol/L) and GSH (25 mol/L, 50 mol/L, 100 mol/L, 250 mol/L) were added to separate wells. The production of RNM was measured after another 6 hours, and the levels of TNF-β and IFN-γ were measured after 48 hours. In addition, MTT was used to measure KIR. All the experiments for each group were repeated three times. Meanwhile, IL-2/PHA + NK + K562 cultures (Control 1) and IL-2/PHA + NK + K562 + MO cultures (Control 2) were used as the blank control groups. The levels of RNM, TNF-β and IFN-γ, and KIR without DHT, TIP, and GSH were compared with the corresponding values after addition of the different doses of drugs. This allowed us to determine which dose of DHT and TIP and GSH could reverse the inhibitory effect of MO on the antitumor activity of NK cells effectively.
The Effect of Different Combinations of RNM Scavengers on the Activity of NK Cells.
In the NK + MO (E : MO = 10 : 2) mixed-cell culture system, IL-2 (150 U/mL) and PHA (60 ug/mL) were administered first. After 24 hours of coculture, K562 cells were added at a ratio of E : T = 10 : 1, and at the same time, different combinations of DHT (20 μmol/L), TIP (50 mol/L, 100 mol/L), and GSH (50 mol/L) were added to each well. The production of RNM was measured after another 6 hours, and the levels of TNF-β and IFN-γ were measured after 48 hours. In addition, MTT was used to measure KIR. All experiments were repeated three times. Meanwhile, IL-2/PHA + NK + K562 cultures and IL-2/PHA + NK + K562 + MO cultures were used as the blank control groups. The levels of RNM, TNF-β and IFN-γ, and NCC with DHT, TIP, and GSH were compared with the corresponding values after the addition of the different combinations of RNM scavengers. This allowed us to know which combination of DHT, TIP, and GSH could reverse the inhibitory effect of MO on the antitumor activity of NK cells effectively.
Statistical
Analysis. SPSS 13.0 statistical software was used to analyze the results. The measurements were reported as x ± SD. The LSD t-test was taken when the mean squares were regular, while the Dunnett T3 test was used to measure the heterogeneity of variance during the multiple comparisons of the means of all groups. P < 0.05 was taken as the level of significance.
Results
The Effect of ONOO
− on the Activity of NK Cells. After exogenous ONOO − was administered in the coculture system of NK and K562 cells, the RNM production increased (P < 0.05), whereas the concentration of TNF-γ and IFN-β and the NCC was significantly decreased (P < 0.05). The percentage of living NK cells was also decreased by the FCM at the 6th and the 24th hours. These data are shown in Table 1 .
The Effect of RNM Scavenger on NK-Cell Cytotoxicity Caused by ONOO
− . To explore the effect of RNM scavengers on NK-cell cytotoxicity caused by ONOO − , we used three RNM scavengers. As shown in Table 2 , we found that the production of RNM in the systems of NK and K562 cells decreased significantly after administration of TIP and GSH (P < 0.05), while the percentage of living NK cells and the concentration of TNF-γ and IFN-β and NCC were significantly increased (P < 0.05).
The Effect of Endogenous RNM on the Activity of NK Cells.
We know that exogenous RNM reduces the activity of NK cells. Furthermore, we investigated the effect of endogenous RNM on the activity of NK cells. The results are shown in Table 3 , when the number of NK cells was fixed. After activation by IL-2/PHA, the levels of IFN-γ and TNF-β were significantly higher than at the same E : T ratios in the absence of IL-2/PHA (P < 0.05). With a further addition of MO, the level of IFN-γ and TNF-β did not increase (P > 0.05), while the production of TNF-β increased to a small extent over the level prior to the addition of MO, and the NCC was lower. Table 4 , the addition of TIP and GSH reduced the production of RNM and ROM and increased the production of TNF-γ and IFN-β and NCC significantly (P < 0.05); however, DHT incubation did not reduce the production of RNM effectively (P > 0.05).
The Effect of RNM Scavenger on NK-Cell-Mediated Killing of K562 Cells. As shown in
The Effect of Different Dosages of RNM Scavengers on the Activity of NK Cells.
To investigate whether different dosages of RNM scavengers affect the activity of NK cells, we selected different combinations, as shown in Figure 1 . According to Figure 1 , with an increase of the dosage, the groups treated with TIP and GSH decreased the production of RNM and increased the levels of TNF-γ, IFN-β and NCC significantly (P < 0.05). However, each group of DHT could not eliminate RNM (P > 0.05).
The Effect of Different Combinations of RNM Scavengers on the Activity of NK Cells.
To investigate whether different combinations of RNM scavengers affect the activity of NK cells, we selected different combinations, as shown in Figure 2 . According to the result of Figure 2 , we found that different combinations of RNM scavengers did not enhance the antineoplasmic activity of NK cells.
Discussion
ONOO − is generated by the NO and O 2 − reaction, which can be produced by many cells in our body. Under normal conditions, ONOO − is believed to have a primarily physiological function. However, under pathological conditions, the oxidation and injury role is activated for the increased ONOO − stimulation by inflammatory factor [11] . By detecting the expression of RNM-induced genes, Nittler et al. [12] discovered that RNMS take part in the metabolic process of many types of cells, including T/NK cells in the following ways: (1) by oxidizing and nitrifying DNA residues and deaminating them to induce DNA damage and interfere with DNA repair; (2) by modifying proteins in the electron transfer chain to inhibit cell respiration, promoting the reduction of coenzyme Q10 to increase the production of active oxygen and reducing the proton current rate through the mitochondria to reduce the ATP content of the cell; and K562 cells, which indicated that the ONOO − can kill NK cells directly. Not only did the lymphokines TNF-β, IFN-γ in NK cells decrease significantly, but KIR also decreased dramatically (P < 0.01) ( Table 1 ). All the results indicated that exogenous ONOO − had a cell-killing effect on NK cells and inhibited the anti-K562 cells function of NK cells.
The mononuclear phagocyte, which protects the body from pathogenic factors, is an important component of acute and chronic inflammatory reactions. Once phagocytosed foreign bodies are recognized, the phagocyte will have a respiratory burst, which is manifested by an increase in oxygen consumption, enhanced metabolic activity of the pentose phosphate pathway, and the generation of nitrogen and oxygen free radicals, among which the NO can transfer the activating signal from the cytoplasm to endometaphase through the cell signaling pathway and induce the expression of related genes to activate the inflammatory response. This type of oxidizing bactericide is nonspecific, and normal tissues around mononuclear macrophages could also be injured [13] . In this study, IL-2 and PHA were added into the NK + K562 + MO culture system, resulting in significant enhancement of RNM, while the NCC decreased from 91.77% to 60.39% (P < 0.01). Cytokine TNF-β IFN-γ also decreased after the addition of IL-2/PHA (Table 3) . These results suggested that RNM produced by the MO cell respiratory burst inhibits NK-cell activity. This result is consistent with that of decreased NK activity and lower NCC induced by addition of exogenous ONOO − . It has been shown that a large number of MO cells can be detected in and around tumors [14] . This study also showed that IL-2 activates T/NK cells in vivo and also induces MO cells to produce a large amount of RNMS. Such a nonspecific killing effect inhibits the activity of T/NK cells, which may explain the low efficiency of adoptive tumor immunotherapy when using the T/NK cell as an effector cell and IL-2 as an activator.
A central goal of tumor therapy is strengthening the immune system in order to eliminate the microresidue of the tumor. Thoren et al. had shown when using IL-2 for treatment that histamine is an ideal immunomodulator that can counter ROM inhibition of the antitumor activity of NK cells through the H2 receptor [15] . In our previous studies, we also demonstrated that tiopronin was superior to DHT in reversing the suppression by ROM of the antitumor activity of T/NK cells. In this study, TIP and GSH were chosen as scavengers of RNM and were compared with DHT. By adding exogenous ONOO − , TIP, GSH, and DHT into the coculture of NK cells and K562 cells, as shown in Table 2 , both tiopronin and glutathione remove RNM directly, which protects NK cells and reverses ONOO − inhibition of NK-cell activity. However, in the DHT group, no change was found in the RNM and NCC, suggesting that ONOO − cannot be cleared by DHT directly. Table 4 shows the effects of the three kinds of scavengers in removing endogenous RNM generated by MO cells, which are similar to the effect on exogenous ONOO − . Tiopronin and glutathione can significantly reduce the RNM (P < 0.05), while DHT has no effect on RNM production (P > 0.05). All three drugs can reduce the ROM output, increase the production of TNF-β and IFN-γ, and enhance the rate of inhibition of K562 cells (P < 0.05).
GSH is tripeptide that is composed of γ-glutamic acid, and cysteine, and glycine, with a molecular structure that contains a nonprotein thiol, which can be catalyzed by itself or by glutathione transferase system (GST-S), regulating intracellular oxidation-reduction systems and reducing the content of RNM and ROM to play its pharmacological role. With the self-contained free SH, the tiopronin cannot only drive reversible synthesis of disulfide compounds with RNM and ROM, but it can also activate Cu, Zn-superoxide dismutase (SOD) to enhance its free radical scavenging role, maintain the balance of glutathione peptide in vivo, clear metal ions, and regulate the antioxidative enzyme system [16] . Histamine dihydrochloride plays an indirect role by blocking the generation of ROM through the H 2 receptor. Therefore, it is limited by the quantity and the function of the H 2 receptor. Therefore, tiopronin and glutathione perform better than histamine dihydrochloride in clearing the RNM. At the same time, because of its toxic side effects, histamine dihydrochloride is limited in clinical application, while the other two drugs have widely been used in clinical treatment, with few toxic side effects. Figure 1 showed that the effect of TIP and GSH on clearing RNM and protecting NK cells is dose dependent. It also means that TIP and GSH reverse the inhibition of monocytes on the activity of NK cells. Compared with a single scavenger, two or three scavengers combined can reduce NO and increase the production of TNF-β and IFN-γ; given that there was no change in NCC (P > 0.05), it appears that different combinations of RNM scavengers cannot protect NK cells better. Still, the reason is still not clear.
In conclusion, endogenous and exogenous reactive nitrogen metabolites can act directly on cells, kill NK cells significantly, then reduce NK cells against K562 cells and activate TNF-β, IFN-γ, and other cytokines. There are a large number of MO cells in and around malignant tumors, which can cause respiratory burst, especially when activated, thus generating lots of RNMS, inducing NK cells apoptosis and significantly inhibiting NK cells activity. Tiopronin and glutathione are more effective than histamine in clearing RNMS and reversing their inhibitory effect on NK cells in anti-K562 cells with relatively minor toxic side effects and in a dose-dependent fashion. Therefore, they can be used clinically as a better immune adjuvant to improve the efficacy of adoptive immunotherapy for minimal residual tumor/leukemia. However, different combinations of RNM scavengers cannot better protect NK cells.
